Hydroxyapatite crystallization for phosphorus recovery and removal from wastewater has attracted considerable attention for its potential economic and environmental benefits because hydroxyapatite can used as an effective compound fertilizer containing phosphorus (P) for industrial and agricultural applications. As hydroxyapatite is obtained through precipitation and crystallization from wastewater, it is important to evaluate the roles of metal ions commonly found in wastewater during the hydroxyapatite crystallization process. Batch crystallization experiments were conducted to investigate the influence of Mg 2+ , Fe 3+ , Cu 2+ , and Zn 2+ on P removal efficiency, and crystallized products were characterized using scanning electron microscopy as well as energy dispersive spectroscopy and X-ray diffraction. The presence of Mg 2+ improved the phosphorus removal rate, but hydroxyapatite crystalline purity was reduced due to the co-precipitation of struvite and hydroxyapatite. Fe 3+ and Cu 2+ did not significantly affect the crystalline structure of hydroxyapatite because the two metal ions easily formed hydroxyl metal compounds with low solubility in alkaline solution, which is rarely involved directly in the hydroxyapatite crystallization process. There was strong background interference from Zn 2+ on the hydroxyapatite X-ray diffraction spectra, indicating that the crystallized products comprised a mixture of several amorphous substances. A comprehensive understanding of the effects of metal ions on hydroxyapatite crystallization will help improve the quality of hydroxyapatite products recovered from wastewater.
Introduction
Phosphorus (P) is not only a limited and non-renewable mineral resource that makes a major contribution to agricultural and industrial development [1] , but also the main element for causing water eutrophication [2, 3] . With the decreasing availability of P resources and increasing demand for water environmental quality, the recovery and removal of P from wastewater have drawn great attention [4] [5] [6] . Urban domestic sewage contains abundant P; therefore, 15-20% of the world's P demand is theoretically satisfied by recovering and recycling P from wastewater [7] . The recovery of P from sewage can prevent eutrophication in water bodies, and recycling P resources carries economic and environmental benefits [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Currently, several technologies have been applied to P removal and recovery from wastewater [9, 11, 12] . One approach is the crystallization of P via the formation of struvite (or magnesium ammonium phosphate (MAP), MgNH 4 PO 4 ) and hydroxyapatite (HAP, Ca 5 (PO 4 ) 3 OH), which is economical and efficient, providing effective P recovery and high-quality crystallization products [2, 10, 13, 14] . MAP crystallization can remove P and ammonia nitrogen simultaneously and is often used to recover nutrients from anaerobic digestion supernatant, pig wastewater, landfill leachate, and urine because it requires a high ammonia nitrogen concentration and high pH [15] [16] [17] . MAP crystallization is unsuitable for P recovery from municipal sewage because the concentration of ammonia nitrogen in municipal sewage is too low. However, HAP crystallization has a wide range of applications for treating P-containing wastewater at different concentrations and is especially suitable for the recovery of P from anaerobic sedimentation tank effluent (~20 mg/L) during the enhanced biological P removal (EBPR) process [2, 10] .
HAP is a sparingly soluble salt (Ksp = 2.35 × 10 −59 , 25 • C) [18] . Theoretically, the principal chemical reaction for the formation of HAP is based on the following reaction:
As shown in Equation (1), the crystallization process is strongly dependent on pH and the molar ratio of calcium (Ca)/P [19] . Therefore, the pH and Ca/P level of the solution are frequently employed to investigate HAP crystallization behavior [10] . The HAP crystallization process includes nucleation and crystal growth, which are affected by physicochemical factors such as pH, supersaturation, Ca/P, temperature, mixing, and impurity ions. However, few studies have focused on the influences of metal ions on HAP crystallization. Municipal sewage has a wide range of sources and complex components [20] . There are many kinds of metal ions in such sewage, which may affect the process of phosphorus recovery from sewage by HAP crystallization. Therefore, it is important to study the mechanism of P recovery from wastewater by HAP crystallization in the presence of typical metal ions.
The P crystallization process includes nucleation and crystal growth processes affected by various factors such as the pH, supersaturation ratio, temperature, and mixing, and by the existence of foreign ions [21] . Among these factors, few studies have focused on the influences of foreign ions on the P crystallization process [22] [23] [24] [25] [26] . Madsen [24] investigated the inhibition behavior of Cu 2+ and Zn 2+ on crystal growth and the morphology of brushite (CaHPO 4 ·2H 2 O), and the results showed that both two metal ions demonstrated strong inhibitory effects on the crystallization of brushite. Muryanto and Bayuseno [25] found that both Zn 2+ and Cu 2+ inhibited struvite crystallization, with Zn 2+ acting as a more effective antiscalant for struvite control. Yan and Shih [21] quantitatively evaluated the effects of Ca 2+ and Fe 3+ on struvite crystallization, and the results indicated that both Ca 2+ and Fe 3+ significantly inhibited the formation of struvite crystals and modified the needle-like struvite into irregular shapes. In our previous study, Fe 3+ and Cu 2+ increased the metastable zone width of HAP crystallization due to the adsorption of these impurity ions on the crystal surface, resulting in an increase in the energy level required for crystal product precipitation, effectively creating an energy barrier for crystallization [26] .
Previous studies have focused mainly on identifying the characteristics of struvite and brushite products in the presence of metal ions, with less research on the phase composition and structure of HAP precipitates. In this study, we explored the optimal initial pH and Ca/P ratio for HAP crystallization, and four metal ions (Mg 2+ , Fe 3+ , Cu 2+ , and Zn 2+ ) common in municipal sewage were selected to observe their effects on HAP crystallization at different concentrations. The results of this study will improve the current understanding of the HAP crystallization mechanism and provide a promising approach for the effective recovery of quality HAP products from wastewater as a renewable nutrient resource.
Materials and Methods

Experimental Apparatus and Design
P recovery in the form of HAP crystallization from anaerobic supernatant of the Enhanced Biological Phosphorus Removal (EBPR) process was performed in a batch beaker. The temperature and stirring rate of the reaction system were controlled using a digital magnetic stirrer (LUXI 85-2W, Shanghai Luxi Industrial Co., Ltd., Shanghai, China) with a heating function. The Oxidation-Reduction Potential (ORP)/pH of the reaction system was measured using a pH meter (YSI Pro Plus, YSI Co. Ltd., Yellow Springs, OH, USA). The stirring rate and temperature were controlled at 200 rpm and 23 • C, respectively. The reaction system was agitated for 20 min, and then the solutions was precipitated for 2 h, after which the precipitates were filtrated through 0.45-µm filters (Millipore HAWP01300, MA, USA). The precipitates were dried in the drying oven with a temperature of 65 • C for 20 h before the subsequent characteristic analysis [3, 8] . The liquor samples were also collected for the P removal efficiency in the form of HAP.
The chemical reagents used in the experiment were of analytical grade. Calcium chloride (CaCl 2 ), and potassium dihydrogen phosphate (KH 2 PO 4 ) were selected to produce HAP precipitation. In the experiment, 100 mL stock solutions of CaCl 2 (200 mg/L) and KH 2 PO 4 (100 mg/L) were agitated in a 1000 mL beaker. The chemical reagents were dissolved in distilled water to prepare stock solutions at a concentration of 0.1 M. To determine the influence of pH, the following pH values were evaluated: 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, 10.0, 10.5, and 11.0. 1 M NaOH solution was added to adjust the mixture solution pH to the designated values. Molar Ca/P ratios of 1:2, 1:1, 1.67:1, and 2:1 were assessed, which have been suggested as HAP crystallization conditions based on a variety of wastewater-derived sources. The changes in phosphorus removal efficiency over 90 min with time were investigated under different molar ratios of Ca/P. MgCl 2 ·6H 2 O, FeCl 3 , CuCl 2 ·2H 2 O, and ZnCl 2 were used to investigate the influences of typical metal ions on HAP crystallization. For the metal ion influence experiments, the dosages of four metal ions (Mg 2+ , Fe 3+ , Cu 2+ , and Zn 2+ ) were all designated as 0, 5, 10, 15, 20, and 25 mg/L at the optimized pH and Ca/P ratio. P-containing wastewater was the simulated anaerobic supernatant of the enhanced biological phosphorus removal (EBPR) process (an anaerobic-anoxic/nitrifying two sludge process) previously established by our group [3] . The detailed components of wastewater used in this experiment were as follows: chemical oxygen demand (COD) of 84.2 ± 4.3 mg/L (CH 3 COONa), NH 4 + -N of 36.5 ± 2.2 mg/L (NH 4 Cl), PO 4 3− -P of 21.2 ± 1.1 mg/L (KH 2 PO 4 ), and alkalinity of 312 ± 25 mg/L (NaHCO 3 ).
Analytical Methods
The P concentrations in the sample solution were measured using UV spectrophotometry at 700 nm based on the molybdenum-blue ascorbic acid method [27] . The concentrations of Mg 2+ , Fe 3+ , Cu 2+ , and Zn 2+ were determined using an atomic absorption spectrometer (PerkinElmer AAS, Waltham Mass, MA, USA) in an air acetylene flame. The crystallized products were ground into powder using an agate mortar before the structure analysis. The morphology and relative content of the components of the crystallized products were determined using scanning electron micrography (SEM) with energy-dispersive spectrometry (EDS) (Hitach S-4800, Ibaraki, Japan). An X-ray diffraction analysis (XRD) for the product structure was carried out utilizing a D8 ADVANCE diffractometer (Bruker AXS, Karlsruhe, Germany) with diffraction patterns in step sizes of 0.02 • , ranging from 10 • to 65 • at a 2θ angle.
Results and Discussion
Effects of Ph on HAP Crystallization
pH is a crucial factor for the HAP crystallization process. HAP crystallization cannot occur spontaneously at low pH due to the low saturation of the reaction system [19] . In contrast, a high-pH solution may be supersaturated, such that homogeneous precipitation can occur easily, which is not conducive to P recovery [26] . The anaerobic supernatant in the EBPR process contains abundant P but is lower in pH than the optimal value for HAP formation [10] . Therefore, it is necessary to optimize the pH of the reaction system for P recovery in the form of HAP. The effects of pH on P removal by HAP crystallization at an initial Ca/P molar ratio of 1.67 are shown in Figure 1 . As the pH increased from 7.0 to 11.0, the P removal efficiency exhibited two stages. In the first stage, as the pH increased Water 2018, 10, 1619 4 of 12 from 7.0 to 9.5, the residual P concentration decreased to 0.902 mg/L at a P removal efficiency of 95.15%. The most rapid increase in P crystal products occurred at pH 8-9, at a rate of 15% per 0.5 increase in pH. During the second stage, as the pH increased from 9.5 to 11.0, the P removal efficiency was relatively stable. The residual P concentration decreased by only 0.414 mg/L, and the P removal efficiency increased from 95.15 to 95.66%. The maximum P removal efficiency was 97.73% at pH 10.0, and the residual P content was 0.454 mg/L, which was lower than the first-class A standard (0.5 mg/L) set by the Discharge Standard of Pollutants for Urban Wastewater Treatment Plant (GB 18918-2002). The main reason for the observed pH effects on P removal efficiency was the presence of different forms of dissolved phosphate in the solution, including PO 4 3− , HPO 4 2− , H 2 PO 4 2− , and H 3 PO 4 [28] .
The equilibrium relationships of these phosphates in water were as follows:
At a low pH, the content of PO 4 3− , as a product of the third-order ionization reaction, was lower than that of H 2 PO 4 − , the first-order ionization product. As the pH increased, the proportion of PO 4 3− increased rapidly, and HAP formation was promoted, leading to an increase in P-removal efficiency. However, Ca 2+ in solution readily forms Ca(OH) 2 and CaCO 3 precipitate at a high pH; this process directly reduced the concentration of Ca 2+ in solution and indirectly affected the crystallization reaction. Considering the P removal rate and recovery performance of the crystallized products, pH 9 was selected as the best condition for the reaction system in subsequent experiments.
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Effects of Ca/P on HAP Crystallization
In the solution of different Ca/P for HAP crystallization, the precursors DCPD (dicalcium phosphate dihydrate, CaHPO4·2H2O), OCP (octacalcium phosphate, Ca4H(PO4)3·2.5H2O), and ACP (amorphous calciumphosphate, Ca3(PO4)2·xH2O) formed first, and thermodynamically stable HAP was then formed through a series of material structure transformations [10, 19] . To investigate the effects of Ca 2+ concentration on the P removal efficiency, different concentrations of CaCl2 solution were added simultaneously to alter the Ca/P ratio at pH 9. As shown in Figure 2a , as the Ca/P ratio increased, the P concentration decreased rapidly in the reaction system. When the reaction time was 90 min, the concentration of phosphorus decreased from 20.3 mg/L to 8.32, 4.56, 1.32, and 1.09 mg/L at Ca/P ratios of 1:2, 1:1, 1.67:1, and 2:1, respectively, with P removal efficiency of 58.97%, 77.63%, 93.25%, and 95.59%, respectively (Figure 2b ). When the Ca/P molar ratio was greater than 1.67, the excessive Ca concentration in the solution (Ca/P ratio = 2.0) did not significantly increase the P removal efficiency. CaCO3 precipitation can occur via the addition of high concentrations of Ca 2+ in Figure 1 . Effect of pH on phosphorus removal by HAP (Hydroxyapatite) crystallization.
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Effects of Metal Ions on the HAP Crystallization
Metal ions in wastewater can have important effects on the physicochemical characteristics of HAP crystallization for P recovery. Several recent studies have investigated the properties of struvite crystallization in the presence of cationic and anionic impurities and found that these impurities can change the morphology and composition of crystallized products [21, 25, 29, 30] . However, the effects of metal ions on HAP crystallization for P recovery have only been reported rarely. The effects of different concentrations of four metal ions (Mg 2+ , Fe 3+ , Cu 2+ , and Zn 2+ ) on the efficiency of P removal by HAP at pH 9.0 and a Ca/P ratio of 2.0 are shown in Figure 3 . 
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Metal ions in wastewater can have important effects on the physicochemical characteristics of HAP crystallization for P recovery. Several recent studies have investigated the properties of struvite crystallization in the presence of cationic and anionic impurities and found that these impurities can change the morphology and composition of crystallized products [21, 25, 29, 30] . However, the effects of metal ions on HAP crystallization for P recovery have only been reported rarely. The effects of different concentrations of four metal ions (Mg 2+ , Fe 3+ , Cu 2+ , and Zn 2+ ) on the efficiency of P removal by HAP at pH 9.0 and a Ca/P ratio of 2.0 are shown in Figure 3 . As shown in Figure 3a , the residual P concentration decreased from 0.45 to 0.27 as the Mg 2+ concentration increased from 0 to 25 mg/L. Thus, the addition of Mg 2+ contributed to the P removal rate (by~1%), because the presence of PO 4 3− , NH 4 + , and Mg 2+ in the reaction system made it possible to form MAP, in turn favoring P removal. In contrast, the precipitation of Mg 2+ in the form of Mg(OH) 2 consumed the alkalinity of the solution, making it unsuitable for HAP crystallization under the theoretical optimum pH condition; this phenomenon led to a decrease in the P removal efficiency. These conditions altered the residual P concentration and P crystallization rate in the reaction system. The solubility of Fe 3+ in water is limited, and its concentration less than 10 mg/L does not interfere with the chemical properties and functions of the solution [21] . Therefore, a wide range of Fe 3+ concentration (0-25 mg/L) was chosen to study the role of Fe 3+ in the crystallization of HAP. As shown in Figure 3b , the addition of Fe 3+ did not significantly affect P removal from the solution, and the residual P concentration decreased only slightly as the Fe 3+ concentration increased from 5 to 25 mg/L. Previous studies have shown that Fe 3+ exists mainly in the form of polyhydroxyl complexes in alkaline solution environments, where it co-precipitates with phosphate, mainly as ferric phosphate and ferric hydroxide. These complexes adsorb phosphate from wastewater to some extent, resulting in a reduction in the P concentration in the solution [21] .
Cu 2+ and Zn 2+ were selected because the two metal ions are usually present in municipal sewage and piggery wastewater, and previous found that both Cu 2+ and Zn 2+ demonstrated strong inhibitory effects on the crystallization of phosphate minerals such as brushite (CaHPO 4 ·2H 2 O) [24] . Muryanto and Bayuseno [25] investigated struvite crystallization with interference from Cu 2+ and Zn 2+ and found that both ions can inhibit struvite crystallization and that Zn 2+ was a more effective antiscalant for struvite crystallization than Cu 2+ . As shown in Figure 3c ,d, the P removal efficiency could be inhibited by the presence of Cu 2+ and Zn 2+ , which was similar to the results presented in Muryanto and Bayuseno's study [25] for MAP crystallization. The P removal efficiency decreased from 97.85 to 95.35% and from 97.73 to 92.03% as the Cu 2+ and Zn 2+ concentrations increased from 0 to 25 mg/L, respectively, presumably due to the additive adsorption of molecules or ions onto the crystal surfaces [25] . In contrast, Cu 2+ and Zn 2+ can form metal hydroxides in alkaline solution, buffering the alkalinity of the reaction system and leading to a decrease in the P removal efficiency. Zn 2+ inhibited the P removal efficiency more strongly than Cu 2+ did because Zn 2+ is an amphoteric metal, whose form in solution is greatly influenced by pH. In an alkaline solution containing phosphate, Zn 2+ produces the following chemical reactions:
Zn(OH) 2 is an amphoteric hydroxide, and its solubility is related to pH value (Figure 4 ). When the pH is lower than 8, Zn 2+ exists mainly in the form of Zn 3 (PO 4 ) 2 . However, the experiment was conducted at pH 9; thus, large amounts of Zn 3 (PO 4 ) 2 began to dissolve and precipitate in the form of Zn(OH) 2 . These chemical reactions both increased the phosphate content and consumed OH − in the solution, thus inhibiting HAP crystallization for P removal.
Effects of Metal Ions on the Characteristics of Crystallized Products
The inhibitory effects of metal ions on the crystallization processes are commonly accompanied by irregular crystal growth, because the adsorption of such ions onto crystal surfaces is not uniform [25] . The XRD patterns of the HAP crystals obtained in the presence of metal ions at different concentrations are shown in Figure 5 . All the patterns matched well with the data from the HAP standard powder diffraction database at the International Centre for Diffraction Data (PDF#73-0293). XRD showed that HAP formation was poorly crystalline, mainly due to its small crystallite size and the generation of amorphous Ca phosphate (ACP, OCP, and DCPD) [10, 31, 32] . It can be inferred that the foreign metal ions were adsorbed onto the surface of the developing crystals and were thus incorporated into the crystal structure, leading to a poor XRD pattern. 
The inhibitory effects of metal ions on the crystallization processes are commonly accompanied by irregular crystal growth, because the adsorption of such ions onto crystal surfaces is not uniform [25] . The XRD patterns of the HAP crystals obtained in the presence of metal ions at different concentrations are shown in Figure 5 . All the patterns matched well with the data from the HAP standard powder diffraction database at the International Centre for Diffraction Data (PDF#73-0293). XRD showed that HAP formation was poorly crystalline, mainly due to its small crystallite size and the generation of amorphous Ca phosphate (ACP, OCP, and DCPD) [10, 31, 32] . It can be inferred that the foreign metal ions were adsorbed onto the surface of the developing crystals and were thus incorporated into the crystal structure, leading to a poor XRD pattern. The SEM and their associated EDS patterns of the HAP crystals obtained in the presence of several metal ions are shown in Figure 6 . The SEM images of the HAP standard shows the typical HAP crystal shape, which is a finely distributed crystalline substance (Figure 6a ), which were closely matched with those reported by earlier researchers [3, 10, 33, 34] . To comprehensively evaluate the effects of metal ions on the characteristics of HAP crystallized products, the SEM-EDS images shown in Figure 6c -j in the presence of metal ions at a concentration of 25 mg/L were selected to represent the variations in HAP morphology and composition.
The SEM and their associated EDS patterns of the HAP crystals obtained in the presence of several metal ions are shown in Figure 6 . The SEM images of the HAP standard shows the typical HAP crystal shape, which is a finely distributed crystalline substance (Figure 6a ), which were closely matched with those reported by earlier researchers [3, 10, 33, 34] . To comprehensively evaluate the effects of metal ions on the characteristics of HAP crystallized products, the SEM-EDS images shown in Figure 6c -j in the presence of metal ions at a concentration of 25 mg/L were selected to represent the variations in HAP morphology and composition. XRD patterns in Figure 5a showed that HAP was the most clearly detectable phase for precipitates in the presence of Mg 2+ . The typical intensity of the HAP peak decreased as the Mg 2+ concentration increased. The SEM diagram in Figure 6c shows that the particle size of HAP crystals decreased, and a small number of needle-like crystals appeared, at an Mg 2+ concentration of 25 mg/L, indicating that a small amount of struvite crystals formed in the reaction system due to the presence of Mg 2+ . The elemental composition of the crystal products was quantitatively analyzed using EDS (Figure 6d ) and showed that oxygen (O), Ca, and P were the main elements in the samples, and that the Ca/P ratio was lower than the theoretical value for HAP (1.67), indicating that the crystalline products contained amorphous Ca phosphate. The low level of Mg in the EDS spectrum suggested MAP co-precipitation with amorphous Ca phosphate. Although the existence of Mg 2+ reduced the purity of HAP crystals, it increased the P removal rate in the system.
The presence of Fe 3+ and Cu 2+ did not significantly affect the crystal structure of HAP (Figure 5b,c) , because Fe 3+ and Cu 2+ readily formed low-solubility hydroxyl metal compounds in the alkaline solution. However, Fe 3+ greatly reduced the concentration of phosphate in the solution, mainly due to precipitation of Fe phosphate, resulting in a decrease in HAP production. This result indicates that Fe 3+ is an effective inhibitor of HAP crystallization because of its stronger ability to bind to phosphate than that of Ca 2+ [21] . Luedecke et al. [35] proposed a chemical model to describe the precipitation of ferric hydroxyphosphate by combining phosphate with ferric hydroxide in activated sludge, and found that ferric hydroxyphosphate deposits can be represented by the empirical formula Fe 2.5 PO 4 (OH) 4.5 with a solubility product constant of 96.7; the corresponding solubility constant for HAP was 58.69. The addition of a small amount of Fe 3+ had a slight effect on the amount of HAP produced, resulting in an increase in the size of the amorphous crystalline products and a roughening of the structure; this result agreed with those shown in Figure 6e . Compared with Fe 3+ , Cu 2+ had a similar effect on HAP crystal morphology. The quantitative analysis of EDS elements showed that in the presence of Fe 3+ and Cu 2+ , low levels of Fe and Cu, respectively, were found in the crystalline products, confirming the presence of Fe and Cu salts in addition to Ca phosphate. However, the low level of metal salt ions had no significant effect on the HAP crystal structure.
As shown in Figure 5d , there was strong background interference from Zn 2+ on the XRD spectrum of HAP, suggesting that the crystallized products contained a mixture of several amorphous substances. When the Zn 2+ concentration exceeded 20 mg/L, there was almost no obvious HAP crystalline peak. Milky white flocculent precipitates observed during the reaction process suggested that Zn(OH) 2 and Ca(OH) 2 precipitates had formed in the solution and flocculated with other precipitates, resulting in a mixture of HAP and a variety of amorphous Ca and Zn salts, preventing clear characteristic peaks on XRD. SEM images of HAP under the influence of Zn 2+ are shown in Figure 6i . The crystalline products exhibited smooth surfaces and dense bulk structures at high Zn 2+ concentrations, possibly due to a cover of amorphous precursors. As discussed previously, ion impurities are adsorbed onto crystal surfaces, resulting in an energy barrier to crystallization [36] . Compared with the presence of no ion impurities, nucleation requires a greater impetus for crystallization, since a higher energy barrier must be overcome for crystal growth at high concentrations of ion impurities [10] .
Conclusions
(1) The Ca/P ratio and pH were found to be key factors affecting the P removal rate by HAP crystallization. A rapid increase in the P removal efficiency occurred at pH 8-10, with significant increases in crystallinity and P removal. Higher pH values reversed the reduction in P removal due to the enhanced precipitation effect of CaCO 3 and Ca(OH) 2 . In contrast, the theoretical Ca/P ratio for HAP is 1.67, and the excessive Ca concentration in the solution did not significantly increase the P removal efficiency. CaCO 3 precipitation occurred after adding high concentrations of Ca 2+ to the alkaline environment, which can easily cause Ca 2+ loss and a waste of chemicals.
(2) The addition of Mg 2+ and Fe 3+ reduced the crystalline purity of HAP to some extent but also improved the phosphate removal rate due to the co-precipitation of metal phosphate and HAP. In the presence of Mg 2+ , a small amount of needle-like crystals appeared on the surface of the crystalline products due to the formation of small amounts of MAP crystallization products. The addition of Fe 3+ and Cu 2+ had no significant effect on the HAP structure because Fe 3+ and Cu 2+ readily formed low-solubility hydroxyl metal compounds in the alkaline solution; these are rarely involved in HAP crystallization. There was strong background interference of Zn 2+ on the XRD spectra of HAP, indicating that the crystallized products may contain a mixture of several amorphous substances. The crystalline products captured on the SEM images at high Zn 2+ concentrations had smooth surfaces and dense bulk structures, perhaps due to a cover of amorphous precursors.
